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ABSTRACT 

Subdigital adhesive setae have previously been documented in all 
legged gecko families except the Eublepharidae. I present evidence that 
members of Aeluroscalabotes felinus, the only arboreal eublepharids, pos- 
sess subdigital setae up to 9 um in length. This discovery suggests that 
the conditions leading to adhesive setae were probably present in 
the ancestors of all geckos, rather than arising multiple times within 
Gekkota. The digits and setae of Aeluroscalabotes resemble those of other 
climbing, bent-toed geckos. I describe the setal morphology of the follow- 
ing bent-toed species: Cyrtodactylus peguensis, Gonatodes albogularis, 
and Pristurus rupestris. The presence of subdigital setae is highly corre- 
lated with an arboreal lifestyle across geckos and other lizards such as 
anoles and skinks. Although relatively simple in form, these setae likely 
confer additional traction that significantly benefits climbing species. Fur- 
ther developmental and biomechanical studies comparing these species 
with more agile climbers like the Tokay will improve our understanding 
of the evolutionary processes leading to adhesive setae, and consequently 
inform engineers attempting to fabricate effective artificial gecko 
setae. Anat Rec, 291:869-875, 2008. © 2008 Wiley-Liss, Inc. 
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Most geckos possess subdigital fibrillar adhesives that 
allow them to scale vertical and overhanging surfaces 
with ease (Russell, 1972). These adhesives are composed 
of arrays of keratinous hairs, or “setae” (Maderson, 
1964; Ruibal and Ernst, 1965). The morphological varia- 
tion observed at gekkotan foot and toe levels is so com- 
plex, and distributed across such broad geographic and 
phylogenetic ranges, that even the most parsimonious 
interpretations require independent gains and losses of 
adhesive pads (or “scansors”; Russell, 1976, 1979; Lamb 
and Bauer, 2006). In some cases, scansor morphology is 
highly divergent from that of a close relative (Gehyra 
oceanica and G. variegata; Russell, 1972), and in other 
cases tightly convergent with a species from an unre- 
lated clade (Oedura and Afroedura; Russell and Bauer, 
1990b). The driving forces behind this diversification 
continue to be the subject of much study. Still unre- 
solved, however, is the question of how often setae them- 
selves have evolved. 

Setae are not unique to the geckos. They occur in 
other squamates (anoles, skinks, chameleons; Maderson, 
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1970; Williams and Peterson, 1982; Schleich and Kastle, 
1986), as well as in many arthropods (Foelix and 
Chu-Wang, 1975; Stork, 1976; Gorb and Beutel, 2001). 
For most of these organisms, true adhesive setae are 
associated with elaborate alterations in both morphology 
and behavior, such as widened toes or enlarged tarsi for 
greater pad area, digital hyperextension for detachment 
(Russell, 1975; Russell and Bels, 2001), added internal 
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Fig. 1. Continuum of fibrillar structures found on ventral surface of narrow-toed gecko feet (adapted 
from Russell, 1976). Gray lines indicate where Russell (1976) inferred, but could not confirm, the presence 
of spatulae. At right, Aeluroscalabotes, Anolis, and Gekko setae are included for comparison. Scale bar in 


microns. 


compliance in the form of blood sinuses or adipose tissue 
(Russell, 1981; Bauer and Russell, 1990), and in some 
cases reduced claw function (Coddington and Levi, 1991; 
Kluge and Nussbaum, 1995; Eisner and Aneshansley, 
2000). These macroscopic features make species with 
setae easily distinguishable from terrestrial species 
without setae. As Hans Gadow remarked in 1901, 
“Those Geckos which live on sandy, barren ground are 
as a rule devoid of adhesive pads, the digits being nar- 
row” (Gadow, 1901). However, some narrow-toed geckos 
(specifically, those referred to as “bent-toed”) have been 
found to possess setae (Russell, 1976; Schleich and 
Kastle, 1986; Peattie and Full, 2007). Furthermore, taxa 
with narrow, inflected toes can be found in every major 
family of geckos (aside from the legless pygopods; 
Russell, 1972), many of which have not been examined 
for the presence of setae. If an extant intermediate 
exists between narrow-toed ground dwellers and wide- 
toed climbers, these species are the most likely candi- 
dates and the natural point from which to initiate an 
investigation. 

Although biomechanical studies are lacking, narrow- 
toed species can be agile climbers, even on vertical 
substrates (Schleich and Kastle, 1986). Evidence from 
artificial setal arrays suggests that simple fibrillar 
structures can dramatically increase frictional forces 
between the toe and the substrate compared with the 
unstructured material (Majidi et al., 2006; Bhushan 
and Sayer, 2007; Santos et al., 2007). It is important to 
note that, while increased traction could benefit both 
terrestrial and arboreal species, true adhesive setae 
are unlikely to arise in primarily terrestrial taxa. 
Those terrestrial geckos documented to have adhesive 
pads are widely believed to have evolved from arboreal 
ancestors and maintain much of the internal digital 
morphology of a climbing species, while exhibiting 
reduced pad area compared with closely related spe- 
cies (Russell, 1976; Bauer et al., 1996; Lamb and 
Bauer, 2006). Climbing adhesives are direction-de- 


pendent, and function only under the proximally ori- 
ented loads experienced during climbing (Autumn 
et al., 2000, 2006b). When the same animal runs on a 
level surface, it generates force in the opposite direc- 
tion (Chen et al., 2006), which acts to disengage the 
adhesive. It is, therefore, likely that the evolution of 
true (orientation-dependent) adhesives followed climb- 
ing behavior. The presence of spinulate structures 
combined with climbing activity constitute the hypo- 
thetical selective regimen favoring the elaborations 
leading to true scansors. 

Geckos and other squamates possess a variety of spi- 
nulate structures on their skin, in various locations 
including but not limited to the ventral surface of their 
toes (Maderson, 1964, 1966; Ruibal and Ernst, 1965). In 
the absence of biomechanical data, I use the following 
criteria to evaluate the likelihood that such structures 
in any given species have the frictional function neces- 
sary to aid climbing. (1) Climbing setae must occur on 
the surfaces of the foot that make contact with the sub- 
strate. There should be a significant difference between 
the structures on these portions of the foot and those 
which do not make contact with the substrate. (2) 
Climbing setae should have a higher aspect ratio (e.g., 
>10) and higher packing density than simple spines 
located elsewhere on the foot. (3) Spatulate tips and 
branching represent the strongest evidence for frictional 
function, because of their putative roles in creating the 
necessary orientation dependence required of truly adhe- 
sive setae (Gao et al., 2005; Pesika et al., 2007). If we 
take as an example the continuum of subdigital ultra- 
structure in the series of Cyrtodactylus species described 
by (Russell, 1976; Fig. 1), the structures from C. scaber 
and C. russowii (now Cyrtopodion spp.) would be 
unlikely to confer significant frictional force by my crite- 
ria. Cyrtodactylus (Nactus) pelagicus is ambiguous, 
while C. novaeguinae and C. louisiadensis setae are 
likely climbers and benefit from the fibrillar structure 
on their feet. Correlated changes in toe morphology 
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TABLE 1. Seta morphology of seven narrow-toed geckos 


Seta 

Max seta Seta width Aspect density Branching 
Species Habitat length (um) (um) ratio (per mm?) (tips/seta) 
Aeluroscalabotes felinus Arboreal 9 0.5 18 570,000 Absent (1) 
Cyrtodactylus peguensis Terrestrial 10 0.7 14 650,000 Present (1-8) 
Gonatodes albogularis Rupiculous 8 0.5 16 1,000,000 Present (2) 
Pristurus rupestris Rupiculous 12 1 12 130,000 Absent (1) 
Agamura persica* Terrestrial 17 13 13 160,000 Absent (1) 
Cyrtodactylus fedtschenkoi* Rupiculous 19 1.5 13 220,000 Absent (1) 
Nactus pelagicus* Terrestrial 5 0.5 10 400,000 Absent (1) 


*Data from Schleich and Kastle (1986). 


accompany this progression in setal structure, including 
a general broadening of the toe and the acquisition of an 
enlarged subdigital scale directly beneath the kinked 
portion of the digit. 

One narrow-toed climbing gecko that exhibits this cor- 
related differentiation in toe morphology is the euble- 
pharid, Aeluroscalabotes felinus. The digits of this spe- 
cies resemble those of Carphodactylus, with a row of 
enlarged subdigital scales proximal to the kinked por- 
tion of the digit (Russell, 1972). Because the remaining 
eublepharids are terrestrial, and the morphological evi- 
dence argues for a basal position of Eublepharidae 
among the Gekkota, it has long been assumed that all 
eublepharids lack setae, and that setae first arose within 
their sister lineage. However, new phylogenetic hypothe- 
ses based on molecular data recover Pygopodidae (sensu 
Kluge, 1987) as the sister clade to remaining geckos, 
and eublepharids as the sister group to the Gekkonidae 
and Sphaerodactylidae (Han et al., 2004; Townsend 
et al., 2004; Gamble et al., 2007). Given that a spiny 
Oberhautchen is found across all geckos, as well as in 
some skinks and iguanids (Maderson, 1970), there is no 
reason to believe that setae are precluded from arising 
in a eublepharid. The discovery of setae in an euble- 
pharid gecko would suggest that the genetic conditions 
leading to the development of adhesive setae were pres- 
ent in the ancestor to all geckos, rather than arising 
within the Gekkota. 


MATERIALS AND METHODS 


I removed an enlarged subdigital scale from one toe of 
two individuals of Aeluroscalabotes felinus from the col- 
lection at the California Academy of Sciences (San Fran- 
cisco, CA; CAS-SUR 7565; CAS 105992). I repeated this 
procedure on four specimens of Gonatodes albogularis 
(Museum of Vertebrate Zoology, Berkeley, CA; MVZ 
HERP 83384, 83385, 83387, 83395) and five specimens 
of Pristurus rupestris (CAS 148530, 148531, 148533, 
148535, 148538). All museum specimens were preserved 
in ethanol. I also removed one entire foot from a speci- 
men of Cyrtodactylus peguensis, acquired from an online 
reptile supplier. This individual was acquired for behav- 
ioral studies but died shortly after arrival. 

I mounted these samples on electron microscope stubs 
with double-sided carbon conductive tape (Ted Pella, 
Inc., Redding, CA) before sputter-coating on two sides 
with a platinum/palladium alloy (Hummer VI, Technics). 
The samples were imaged with an Amray 1810 scanning 
electron microscope (Amray Inc., Bedford, MA) at Lewis 
and Clark College (Portland, OR). 


To measure seta length accurately from two-dimen- 
sional images, the microscope stage was tilted 10—20° 
between each image until 5 images were captured. I 
measured the length of several setae in each image and 
took the maximum length across all five images to be 
closest to the actual length of a given seta. I defined 
seta width as width at the base of the seta. I estimated 
seta density from top-down images by counting 50-100 
adjacent setae and dividing by the area they occupied. 

Because members of Pristurus rupestris were known 
climbers and closely related to both G. albogularis and 
Sphaerodactylus species (all known to possess setae), I 
considered them likely candidates for the presence of 
subdigital setae. The subdigital fine structure of G. albo- 
gularis was described previously by Schleich and Kastle 
(1986), but from relatively degraded samples. Russell 
and Bauer (1990a) note the presence of “friction plates” 
in C. peguensis but do not describe any setae. 


RESULTS 


Subdigital climbing setae were present in the euble- 
pharid gecko Aeluroscalabotes felinus and all other spe- 
cies examined (Table 1). Where increased aspect ratio 
was observed, it was typically associated with a length- 
ening of the structure disproportionate to the width. 
(Seta width remained relatively constant across fibrillar 
structures for a given species.) 

Aeluroscalabotes felinus setae were found to be up to 9 
uum in length and 0.4—0.5 pm wide (Fig. 2a). They tapered 
gradually over the length of the seta, ending in a minute 
unflattened tip. The two Aeluroscalabotes specimens 
available from CAS were collected in 1908 and 1963. The 
older sample was much degraded, either from age or 
inadequate preservation, and coated with abundant de- 
tritus. I was able to collect clear images only from the 
newer sample (CAS 105992). Setae increased in density 
and aspect ratio toward the center of the scale. 

Gonatodes albogularis digits are relatively longer, 
more slender, and less kinked than those of Aeluroscala- 
botes, but also possess several enlarged subdigital scales 
proximal to the kinked portion of the digit. Setae 
increased in length and density toward the center of the 
scale. Short spines give way to longer, forked setae with 
tapered tips, and closest to the center of the scale the 
setae are multiply branched and appear to possess spat- 
ulate tips (Fig. 2b). Schleich and Kastle (1986) estimated 
Gonatodes setae to be at least 10 pm long. I found none 
longer than 8 pm, but this may have been due to inad- 
equate sampling. Setae ranged between 0.4 and 0.5 um 
in width. 
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Fig. 2. a-d: Scanning electron microscope images of (a) Aeluro- 
scalabotes felinus setae; (b) an enlarged subdigital scale from Gonato- 
des albogularis showing the range of seta height variation, with setae 
from different locations (inset) and the spatulate tips of the longest 


Pristurus rupestris digits resemble those of Gonatodes. 
Their setae were very simple and relatively stout, up to 
12 um long and 1 um wide, with rounded tips (Fig. 2c). 
These samples were also somewhat degraded, but the 


setae (arrows); (c) Pristurus rupestris setae; (d) the toe of Cyrtodactylus 
peguensis. Note the branched, aspatulate setae on the enlarged sub- 
digital scale and presence of rudimentary fibrillar structures elsewhere 
on the digit, as well as cutaneous sensilla. 


density and aspect ratio of the setae clearly increased to- 
ward the center of the scale. 

Cyrtodactylus peguensis toes resembled Russell’s 
(1976) description of Nactus pelagicus, with the most 
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Fig. 3. Phylogeny based on Gamble et al. (2007), showing distribution of setae in species both with 
and without pads. Setae and scansors are highly correlated with an arboreal lifestyle in geckos. 


enlarged scale located under the kinked portion of the 
digit (Fig. 2d, center). The more distal subdigital scales 
(underneath the arched portion of the digit that rises 
away from the substrate) were covered in fine, spinulate 
protrusions (1-3 tm in length; Fig. 2d, lower left). Setae 
increased in density and aspect ratio toward the center 
of the enlarged scale, reaching 10 um long and 0.7 nm 
wide. The longest setae were branched into six, possibly 
eight tips. No obvious spatulae were observed. Cutane- 
ous sensilla were present on paralamellar scales along 
the length of the toe, similar to those of Cyrtodactylus 
fedtschenkoi (Schleich and Kastle, 1986). 


DISCUSSION 


My results constitute a limited survey of subdigital 
fibrillar ultrastructure from actively climbing and terres- 
trial narrow-toed geckos based on several new specimens 
as well as literature sources (Table 1; Fig. 2; Russell, 
1976; Schleich and Kastle, 1986). Even from this small 
group of taxa it is clear that narrow-toed geckos possess 
a wide range of setal morphology, across species as well 
as along a single toe. I observed repeatedly that 
branched spatulate setae develop only on portions of the 
toe that correlate with higher frequency of contact with 
the substrate. The next challenge is to relate these pat- 
terns at the seta level to patterns of evolution at the toe 
and foot levels. True adhesive pads require complex mor- 
phological elaborations within the toe, a process that 
has repeated itself many times in parallel ways among 
geckos (Russell, 1979). 

The enlarged subdigital scales of these species may 
represent incipient pads, the first step along a trajectory 


leading to true scansors. Russell (1976) proposed an evo- 
lutionary trajectory toward fully developed climbing 
pads in Hemidactylus that begins as a Cyrtodactylus- 
type digit. However, this trajectory requires a proximal 
origin of adhesive pads, and the majority of gecko spe- 
cies appear to have evolved terminal pads before proxi- 
mal ones (Russell, 1979; Russell and Bauer, 1990a). 
Alternatively, there may be no extant intermediate foot 
morphology between narrow- and wide-toed geckos, and 
bent toes may represent an evolutionary “dead end.” 
This could be the case if, for instance, the acquisition of 
inflected toes precluded the evolution of digital hyperex- 
tension, which is required to deploy and detach true 
scansors (Russell, 1975, 1981; Autumn et al., 2000). 
Although new phylogenetic hypotheses of the Gekkota 
continue to emerge, the basic pattern remains that setae 
are widely distributed across species with and without 
pads, and many arboreal species are more closely related 
to terrestrial, padless species than other climbing spe- 
cies (Fig. 3). This leads me to conclude that the genetic 
and developmental mechanisms underlying setal evolu- 
tion must be widespread among gekkotans. How true 
scansors arise, and under what conditions, remains an 
open question. 

Unlike the true adhesive setae of wide-toed geckos 
that can generate relatively large amounts of shear force 
with minimal normal preload (Autumn et al., 2000, 
2006a), narrow-toed geckos possess relatively short setae 
that more closely resemble the artificial setal arrays cur- 
rently being fabricated in laboratories (Majidi et al., 
2006; Northen and Turner, 2006; Bhushan and Sayer, 
2007; Varenberg and Gorb, 2007). These arrays can gen- 
erate significant friction but only in proportion to the 
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preload force. True adhesive setae are also strongly ori- 
entation dependent (Autumn et al., 2000), a property 
not generally demonstrated by artificial arrays (with the 
notable exception of Stickybot; Santos et al., 2007). 
Because setae must have evolved continuously from pre- 
load-sensitive, orientation-independent forms to preload- 
insensitive, orientation-dependent forms, I expect the 
function of setae from bent-toed taxa to vary along a 
similar continuum. Functional experiments on narrow- 
toed geckos would establish whether or not their setae 
are orientation-dependent, and how much more force 
can be produced by branched, spatulate setae compared 
with simple ones. Since branched, spatulate setae can 
develop from primitive subdigital lamellae, and, there- 
fore, predate the acquisition of true scansors, it is likely 
that historically, improvements in setal function drove 
diversification at the toe level (Russell, 2002). System- 
atic sampling of narrow-toed geckos and a more com- 
plete phylogenetic context will reveal new insights into 
the various parallel evolutionary pathways toward true 
scansors. 

The confirmed presence of branched (spatulate and 
aspatulate) setae in several bent-toed species, and the 
absence of evidence for unbranched setae with spatulae, 
suggest that spatulae follow the evolution of branching 
in geckos. If this is true, it could indicate a fundamental 
developmental difference between geckos and anoles, 
which possess large spatulae but are not branched. Ano- 
lis, which as a genus includes nearly as many species 
(over 800) as the entire clade of geckos, has evolved 
almost no setal diversity, while gecko setal morphology 
encompasses a huge range of variation. An explicitly 
comparative investigation into the genetic and develop- 
mental differences (Alibardi, 1997, 2003; Alibardi et al., 
2007) between these two groups might reveal fundamen- 
tal insights into the processes governing morphological 
diversification. 

It is now clear that climbing setae are widespread 
among narrow-toed geckos. A more exhaustive and sys- 
tematic investigation will undoubtedly reveal many 
more species with setae, and a wider diversity of setae 
than we have encountered in existing studies. Interme- 
diate setal morphologies and their associated morpholog- 
ical elaborations at the toe and foot level may generate 
important insights into the evolutionary process leading 
from narrow-toed ancestors to wide-toed, actively climb- 
ing geckos. 
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